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Abstract 
 Foodborne infections of enteric origin constitute a significant segment of diseases 
that affect humans. Despite many control strategies adopted, foodborne infections invite 
public health concerns worldwide. Among the foodborne outbreaks in the United States, 
non-typhoidal salmonellosis ranks very high among its competitors. Some of the major 
serotypes of Salmonella that cause non-typhoidal foodborne infections include 
Salmonella enterica serovar Enteritidis, Salmonella enterica serovar Typhimurium, and 
Salmonella enterica serovar Heidelberg. Poultry and poultry products are significant 
contributors of foodborne salmonellosis in humans. Salmonella colonizes the cecum of 
poultry and results in fecal excretion of the pathogen to the environment. Also, the 
pathogen can invade internal organs such as liver and spleen, and could be deposited in 
eggs during its formative stage. Among the Salmonella serotypes, Salmonella enterica 
serovar Heidelberg has emerged to cause multiple foodborne outbreaks associated with 
poultry products, recently. The pathogen has acquired resistance to commonly used 
antibiotics such as gentamicin, streptomycin, tetracycline, and ampicillin.  
 
 Antimicrobial interventional strategies targeting the control of Salmonella enterica 
serovar Heidelberg is an emergent need. Given the situation that the bacteria are 
multidrug resistant (MDR), and that the Food and Drug Administration (FDA) has issued 
restrictions on the use of medically important antibiotics in animal agriculture, alternative 
strategies that can control the pathogen are required. Probiotics could be an alternative to 
antibiotics, as they can competitively exclude pathogens from attaching to intestinal 
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epithelium thereby maintaining normal gut microbiota. Among the many probiotics, host-
derived Lactobacillus could play a major role as they have an intrinsic affinity towards 
the host epithelium. In this thesis project, we investigated the potential of turkey gut-
derived Lactobacillus ingluviei and Lactobacillus salivarius as an alternative strategy to 
control MDR Salmonella enterica serovar Heidelberg in turkey poults. We designed two 
objectives: 1. to determine the effect of supplementation of turkey gut-derived 
Lactobacillus salivarius and Lactobacillus ingluviei in combination against MDR 
Salmonella enterica serovar Heidelberg colonization in turkey poults, and 2. to determine 
the probiotic qualities of turkey gut-derived Lactobacillus salivarius and Lactobacillus 
ingluviei isolates in vitro. 
 
At first, we determined the efficacy of Lactobacillus of turkey-gut origin 
(Lactobacillus salivarius and Lactobacillus ingluviei) against MDR Salmonella enterica 
serovar Heidelberg colonization in commercial straight-run Hybrid Converter turkey 
poults. Three independent experiments were conducted. The treatment groups were 
negative control (-S. enterica serovar Heidelberg, -Lactobacillus), S. enterica serovar 
Heidelberg control (+S. enterica serovar Heidelberg, -Lactobacillus), and a treatment 
group (+S. enterica serovar Heidelberg, +Lactobacillus), with at least nine birds in each 
treatment group per experiment. Lactobacillus (8 log10 CFU/gallon of water) was 
supplemented through drinking water continuously for 14 days. Poults were challenged 
with the 2011 turkey outbreak strain of Salmonella enterica serovar Heidelberg (5.0 
log10 CFU/ml) on day 7, and Salmonella enterica serovar Heidelberg counts were 
vi 
 
 
determined on days 2 and 7 post-inoculation. Results indicated that the treatments 
significantly reduced MDR Salmonella enterica serovar Heidelberg in the cecum, liver, 
and spleen of turkey poults compared to the Salmonella enterica serovar Heidelberg 
control in two of the three experiments conducted (P<0.05).  
 
In the follow-up study, we determined the qualities of Lactobacillus ingluviei and 
Lactobacillus salivarius to be considered as potential probiotics, in vitro. Although 
turkey gut-derived, any potential probiotic strain will face a series of physiological 
challenges until efficient colonization in the cecum, once administered orally. These 
obstacles include the low acid environment in the gizzard, and the detergent action of bile 
and bile salts, before its colonization in the lower part of the intestine. Once these 
obstacles are traversed, the probiotic strain should have the ability to colonize strongly to 
the intestinal epithelium for performing colonization resistance against invading 
pathogens. In this process, potential probiotic strains will induce strong antimicrobial 
property. Our studies indicated that both Lactobacillus exerted significant resistance to 
low pH and bile salts (P<0.05). Our cell culture studies indicated that the tested 
Lactobacillus isolates had high adhesion to model avian intestinal epithelial cells, 
validating the in vivo studies. Moreover, the cell-free extracts of Lactobacillus salivarius 
and Lactobacillus ingluviei showed high antimicrobial activity separately against three 
major serotypes of Salmonella, namely, Salmonella enterica serovar Enteritidis, 
Salmonella enterica serovar Typhimurium and Salmonella enterica serovar Heidelberg 
(P<0.05). We also tested the antibiotic susceptibility of the Lactobacillus isolates. 
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Lactobacillus salivarius and Lactobacillus ingluviei were sensitive to a variety of 
commonly used antibiotics for human therapy. 
 
The overall results indicated that turkey gut-derived Lactobacillus (Lactobacillus 
salivarius and Lactobacillus ingluviei) could be an effective strategy to reduce MDR 
Salmonella enterica Heidelberg colonization in turkeys, potentially improving the 
microbiological safety of turkey products. 
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1.1 Foodborne illness 
 
Despite the multitude of control efforts, foodborne infections remain one of the leading 
causes of human enteric disease in the United States and worldwide. According to the 
Centers for Disease Control and Prevention (CDC), every year, 1 in 6 Americans, suffers 
from foodborne illnesses (CDC, 2015). Annually, an estimated 128,000 people are 
hospitalized, and 3000 die due to foodborne illnesses caused by pathogenic microbes 
(CDC, 2015). Among the microbes, different types of bacteria such as Salmonella spp., 
Clostridium perfringens, Campylobacter, Listeria (Mead et al., 1999, CDC, 2015), 
viruses such as Norovirus, and parasites such as Toxoplasma (Mead et al., 1999) 
contribute to over 250 different types of foodborne illnesses.  
  
1.2. Foodborne Salmonella 
  
Among the bacterial infectious agents, Salmonella species ranks high among its 
competitors such as Campylobacter and Escherichia coli. Non-typhoidal salmonellosis is 
a major foodborne illness in the United States caused by Salmonella serotypes such as 
Salmonella enterica serovar Enteritidis, Salmonella enterica serovar Typhimurium, and 
Salmonella enterica serovar Heidelberg (Altekruse et al., 1997). Discovered and named 
after Dr. Salmon about 125 years ago (CDC, 2015) Salmonella spp. has been 
differentiated to more than 2500 serotypes (D’Aoust, 1994). These pathogens together 
cause 1.2 million illness cases and nearly 450 deaths annually (CDC, 2015). Although a 
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self-limiting disease in healthy individuals, children below 5 years of age, elderly, and 
immunocompromised individuals are more susceptible to Salmonella infections (CDC, 
2015; Tauxe, 1991) resulting in significant mortality, morbidity, and economic loss. 
Considering these alarming reports, the US Department of Health and Human Services 
has set a goal of reducing Salmonella incidence by 25% by 2020 (Jackson et al., 2013).  
 
1.3. Salmonella in poultry  
 
Salmonella spp. can colonize the intestinal tract of poultry (Barrow et al., 1988). In 
chickens, the pathogen colonizes the cecum predominantly, further contaminating the 
environment, chicken carcass, and eggs at or after lay. There is mounting evidence that 
contaminated poultry products, especially eggs and meat are epidemiological sources for 
Salmonella (Humphrey and Jorgensen, 2006; Marcus et al., 2007; White et al., 2007; 
CDC, 2010; USDA 2012).  
 
 1.3.1. Salmonella serotypes in meat  
 
 Poultry meat and eggs can harbor Salmonella and can cause gastrointestinal disease 
in humans (Stock and Stoll, 2000; Foley et al., 2011). Poultry meat, including the whole 
carcass, cut-up parts, and processed meats are significant sources of several Salmonella 
serotypes that can cause disease in humans. In an early Canadian study, Salmonella was 
detected from 73.7% turkey carcasses, and 38.2% chicken carcasses (Lammerding et al., 
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1998). Later, Logue et al. (2001) studied the incidence of Salmonella in two turkey 
processing plants in the Midwestern US. Surface swabs were collected from poultry 
carcasses pre-chill and post-chill. Samples were also collected from the chill water. The 
overall incidence of Salmonella was found to be 16.7% after enrichment, and more 
positive samples were observed in pre-chill than post chill. Major serotypes recovered 
were Salmonella enterica serovar Senftenberg, Salmonella enterica serovar Agona, 
Salmonella enterica serovar Heidelberg, and Salmonella enterica serovar Hadar. 
Jorgenson et al. (2002) studied the prevalence of Salmonella in 241 whole raw chicken 
samples purchased from retail shops in the United Kingdom at two different winter 
seasons of 1998/1999 and 1999/2000. The study found that Salmonella was present in 
25% of the chicken samples. Among these, 19% of Salmonella was detected from both 
inside and outside of the chicken packages. The predominant serotypes detected were 
Salmonella enterica serovar Indiana, Salmonella enterica serovar Enteritidis and 
Salmonella enterica serovar Hadar (Jorgenson et al., 2002). Roy et al. (2002) detected 
Salmonella from 569 samples (11.99%) in 4745 samples collected from poultry liver and 
yolk sac, chicken ground meat, rinse water from spent hens and broilers, hatchery fluff 
and drag samples from poultry environment during 1999/2000 at Pacific Northwest. Out 
of the 97 positive samples serotyped, Salmonella enterica serovar Heidelberg (25.77%), 
Salmonella enterica serovar Kentucky (21.64%), Salmonella enterica serovar 
Montevideo (11.34%), Salmonella enterica serovar Hadar (5.15%), and Salmonella 
enterica serovar Enteritidis (5.15%) were the major serotypes isolated. Likewise, the 
incidence of Salmonella in several poultry products obtained from a local butcher shop in 
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Belgium revealed that 60% of the samples were contaminated with Salmonella of 10 
different serotypes. Most prominent serotypes isolated in the study were Salmonella 
enterica serovar Enteritidis and Salmonella enterica serovar Hadar (Antunes et al., 2003). 
In a study conducted in Spain to isolate Salmonella from 198 samples of chicken meat for 
sale in retail outlets, it was reported that the pathogen was isolated from 35.83% of the 
samples where the predominant serovars were Salmonella enterica serovar Enteritidis 
(47.88%), Salmonella enterica serovar Hadar (25.35%) and serotype 4, 12: b :-(II) 
(19.71%) (Dominguez et al., 2012). In yet another study conducted in Maryland, USA, 
Cui et al. (2004) reported 61% of organic and 44% of conventional chickens were 
contaminated with Salmonella. Between the years, 2002 to 2006, Salmonella was isolated 
from 59.7% ground turkey, 36.9% chicken breast, and 3.4% pork chops among retail 
meat outlets in the United States (Zhao et al., 2008).  
 
 Frozen chicken nuggets, strips, and eggs are found to be the main factors that cause 
Salmonella enterica serovar Heidelberg infection in Canada (Currie et al., 2005). 
Bohaychuk et al. (2006) detected Salmonella in 30% of raw chicken legs and 800 meat, 
and poultry products collected from a retail market in Alberta, Canada. In addition to 
Salmonella, other major pathogens such as Campylobacter spp, Shiga toxin–producing 
Escherichia coli and Listeria monocytogenes were isolated as well. In a Portugal study, 
Antunes et al. (2003) found Salmonella in 60 samples of poultry products obtained from 
local shops and canteens and detected 10 different serotypes of Salmonella in 60% of 
samples, and identified Salmonella enterica serovar Enteritidis and Salmonella enterica 
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serovar Hadar as more prevalent. Jason et al. (2013) studied the link between different 
Salmonella serotypes, and various foods, including poultry, by analyzing outbreaks that 
occurred between 1998 and 2008. The study found that eggs and poultry meat acted as 
vehicles in more than 80% cases of Salmonella outbreaks caused by Salmonella enterica 
serovar Enteritidis, Salmonella enterica serovar Heidelberg, and Salmonella enterica 
serovar Hadar. In another epidemiological study, Chittick et al. (2006) analyzed the 
national foodborne outbreak data from 1973 through 2001 and found that, among 6633 
outbreaks of known etiology, 184 (3%) were contributed by Salmonella enterica serovar 
Heidelberg. Among these, 3 outbreaks were due to egg consumption, 17 cases were 
related to consumption of foods prepared using eggs, 25 cases were related to poultry, 
and 8 were due to consumption of food containing both poultry and eggs. Even though 
hydrogen sulfide production is an important determinant for isolation of Salmonella, a 
study conducted by Lin et al. (2014) isolated hydrogen sulfide negative Salmonella in 
retail meats. Out of 82 Salmonella strains that were isolated from 113 chicken and 204 
pork samples, 49 were hydrogen sulfide positive, and 33 were negative. Salmonella 
enterica serovar Derby (40%) and Salmonella enterica serovar Heidelberg (30%) were 
the predominant hydrogen sulfide negative serotypes isolated (Lin et al., 2014).  
 
 Foley et al. (2007) had observed that serovars Salmonella enterica Senftenberg and 
Salmonella enterica serovar Hadar have become more prevalent in poultry, compared to 
Salmonella enterica serovar Enteritidis, and Salmonella enterica serovar Typhimurium. 
Salmonella enterica serovar Heidelberg was reported to be more isolated from clinical 
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cases and suggested to be virulent than other serovars. The study concluded that among 
the top 10 serovars of Salmonella associated with human infections, the majority were 
from swine and poultry, including Salmonella enterica serovar Heidelberg. In a different 
study conducted by Salina et al. (2007) revealed high Salmonella contamination in 
processed poultry products. In this study, 480 pre-chill and post-chill poultry carcasses, 
and the chill water from entry, and exit point were enriched, and analyzed using 
automated BAX system, and culture methods to detect Salmonella. About 88.4% of pre-
chill, and 84.1% post-chill carcasses were found to be positive for the pathogen. In 
addition, 92% of the samples collected from entry points were found to be positive for 
Salmonella, whereas none was identified at the exit point. The predominant serotypes 
isolated were Salmonella enterica serovar Kentucky (59.5%) and Salmonella enterica 
serovar Typhimurium (17.8%) (Salina et al., 2007). Lestari et al. (2009) studied the 
prevalence of Salmonella isolated from 141 conventionally raised, and 53 organically 
raised chicken carcasses from 27 retail stores located in Baton Rouge, Louisiana. 
Recovery rates were similar.  Twenty-two % of the conventionally raised chicken was 
found to be positive for Salmonella whereas 20.8% organic chicken was found to be 
positive for Salmonella. Out of the eight serotypes isolated, predominant ones were 
Salmonella enterica serovar Kentucky, Salmonella enterica serovar Hadar and 
Salmonella enterica serovar Enteritidis (Lestari et al., 2009). 
  
  
1.3.2. Salmonella serotypes in eggs  
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 Eggs and related production environment can be a significant source of Salmonella. 
According to Hennessey et al. (2004), outside home egg consumption is the main factor 
that caused Salmonella outbreaks. Since Salmonella, especially Salmonella enterica 
serovar Enteritidis, Salmonella enterica serovar Heidelberg, and Salmonella enterica 
serovar Typhimurium, has the capability to colonize the intestine of birds, and invade 
internal organs such as liver, spleen, ovary, and oviduct (Gast 2004), those that are 
invaded and colonized the reproductive tract are found to be deposited in different 
regions of eggs even though no relationship was established between the intensity of 
pathogen deposited in eggs, and the presence of pathogen in reproductive tissues (Gast et 
al. 2004; 2007; 2011). Similarly, Barnhart et al. (1991) detected Salmonella from the 
ovaries collected from commercial layer hens at the time of slaughter. In addition to 
Salmonella that gets deposited from the reproductive tract, eggs that meet feces 
contaminated with Salmonella may also result in the penetration of pathogen through egg 
shells (Schoeni et al., 2005). Although Salmonella enterica serovar Enteritidis are more 
implicated in egg borne outbreaks (reviewed in Upadhyaya et al., 2015), emerging 
Salmonella such as Salmonella enterica serovar Heidelberg can penetrate the vitelline 
membrane, and can survive inside the egg albumen even at 42oC when inoculated in low 
numbers (Gantois et al., 2008), and can even multiply inside the yolk on the first day if 
stored at warm temperatures (Gast et al., 2005). Even though Salmonella can penetrate 
the outer shell, and vitelline membrane of eggs, proper storage at refrigerated condition 
can hinder this effect (Gast et al., 2007).  
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 Poppe et al. (1991) studied the prevalence of Salmonella among commercial egg-
producing flocks in Canada. Environmental samples, including fecal and egg belt, 
collected from 295 randomly selected commercial flocks revealed 152 positive samples 
(52.9%) with more Salmonella detected in the egg belt samples. Some of the major 
serovars detected were Salmonella enterica serovar Heidelberg (20%), Salmonella 
enterica serovar Infantis (6.1%), Salmonella enterica serovar Hadar (5.8%), and 
Salmonella enterica serovar Schwarzengrund. 
 
 1.3.3. Antibiotic-resistant Salmonella 
 
 White et al. (2001) isolated ceftriaxone-resistant Salmonella enterica serovar 
Heidelberg from retail meat; ceftriaxone is the drug of choice for treating salmonellosis 
in children (White et al., 2001). Ceftiofur-resistant Salmonella enterica serovar 
Heidelberg was isolated from retail chicken in Canada that had similar etiology in 
humans (Dutil et al., 2010). Jorgenson et al. (2002) reported that 70% of Salmonella 
isolated from 241 whole carcasses collected from retail stores in England were resistant 
to least one antibiotic, and 46% were resistant to more than one antibiotic. In a Portugal 
study, Antunes et al. (2003) detected 10 different serotypes of Salmonella from 60% of 
chicken samples, of which 50% were resistant to nalidixic acid, and enrofloxacin. In a 
Maryland study (Cui et al., 2004), all Salmonella enterica serovar Typhimurium isolates 
obtained from retail chicken were resistant to more than five antimicrobials, whereas 
those isolated from organic chicken were resistant to more than 17 antimicrobials. Out of 
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the 569 samples positive for Salmonella (N=4745), Roy et al. (2002) reported 92 samples 
collected from various environmental sources with resistance towards erythromycin, 
lincomycin and penicillin antibiotics, whereas all being susceptible to sarafloxacin and 
ceftiofur. In a different study, Salina et al. (2007) found high Salmonella contamination 
in processed poultry products with 79.8% of the isolates resistant to at least one 
antimicrobial agent whereas 53.4% were resistant to more than one antimicrobial agent, 
among the 92% isolates tested positive for the pathogen from the chill water from the 
entry point.  
 
 1.3.4. Salmonella enterica serovar Heidelberg – an emerging MDR Salmonella 
serotype in poultry  
 
 Salmonella enterica serovar Heidelberg is one of the most important serotypes 
associated with poultry and poultry-derived foods, including meat and eggs (Snoeyenbos 
et al., 1969; CDC, 1986; Mahoney et al., 1990; Bokanyi et al., 1990; Schoeni et al., 1995; 
Layton et al., 1997; Gast et al. 2004; Hennessy et al., 2004; Scharff, 2012, Jackson et al., 
2013). More recently, in 2011, two nationwide outbreaks were reported linking 
contaminated broiled chicken livers and ground turkey to human infections (Folster et al., 
2011). In the former case, 190 illnesses caused by the pathogen were reported from 6 
states in the US. Thirty-four states were involved when Salmonella enterica serovar 
Heidelberg resulted in 136 cases of illness linked to the consumption of ground turkey. In 
2013, multidrug-resistant Salmonella enterica serovar Heidelberg infections were linked 
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to contaminated chicken products from a leading farm in California (CDC, 2015). In 
2014, yet another outbreak caused by Salmonella enterica serovar Heidelberg was 
reported from a Tennessee Correctional Facility epidemiologically linked to the 
consumption of mechanically separated chicken (CDC, 2014).  
 
 Salmonella enterica serovar Heidelberg is a highly invasive serotype of Salmonella 
in humans. This serotype is estimated to cause 84,000 enteric illnesses within United 
States characterized by invasive, systemic infections, and mortality (Gast et al., 2004; 
Zhao et al., 2008; CDC, 2011; Foley et al., 2011; Young et al., 2012; Amand et al., 
2013). In addition to its invasion property, Salmonella enterica serovar Heidelberg 
isolates have high antibiotic resistance potential. Recent reports on failures in 
antimicrobial therapy against the pathogen indicate that the strains are acquiring 
resistance to several antibiotics, including third generation cephalosporins such as 
ceftiofur and ceftriaxone (Dutil et al., 2010, Crump et al., 2011) that are medically 
important in treating Salmonella enterica serovar Heidelberg in children and pregnant 
women where other options are limited (Dutil et al., 2010; reviewed by Amand et al., 
2013).  
 
1.4. Preharvest intervention strategy for Salmonella control 
 
In poultry, including turkeys, antibiotics are used to treat specific bacterial infections, and 
as growth promoters (Rabsch et al., 2003). However, the emergence of MDR strains of 
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the pathogens has alarmed the scientific community to explore alternative antimicrobial 
strategies (Shea, 2003; Bywater, 2005; Kollanoor Johny et al., 2009; 2010a, b; 2012 a, b; 
2013; Nair and Kollanoor-Johny, 2016; Nair et al., 2016). This is specifically important 
in poultry because cecal carriage of Salmonella enterica serovar Heidelberg could result 
in horizontal transmission of the pathogens, contamination of eggshells with feces and 
carcass contamination during slaughter. Therefore, reducing the populations of 
Salmonella enterica serovar Heidelberg in poultry cecum would reduce contamination of 
meat and eggs. A variety of approaches for reducing the colonization of Salmonella in 
broiler chickens has been explored, however, research on the use of alternative 
approaches to control Salmonella enterica serovar Heidelberg in turkeys are scanty. In 
broilers and layers, these approaches include feeding competitive exclusion bacteria, 
bacteriophages, organic acids, oligosaccharides, antibiotics, and vaccination (Fernandez 
et al., 2000; Spring et al., 2000; Byrd et al., 2001; Stern et al., 2001; Fernandez et al., 
2002; Chadfield and Hinton, 2003; Heres et al., 2004; Fiorentin et al., 2005; Higgins et 
al., 2007; Methner et al., 1997; Dueger et al., 2001; Khan et al., 2003; Inoue et al., 2008).  
 
In this thesis, turkey-gut derived (host-specific) Lactobacillus-based probiotic cultures 
are investigated to control the cecal colonization of Salmonella enterica serovar 
Heidelberg in turkey poults.  
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1.5. Probiotics  
 
 1.5.1. Definitions 
 
 Probiotics are beneficial microbes that can contribute to gut health (Pagnini et al., 
2009; Gartz et al., 2010). The word “probiotic” was first used by Lilly and Stillwell in 
1965 to address substances secreted by microorganisms that can stimulate the growth of 
other microorganisms (Fuller, 1992). In 1971, Sperti described probiotics as extracts that 
can stimulate microbial growth, as opposed to antibiotics that can prevent microbial 
growth. In 1974, Parker defined probiotics as organisms and substances which contribute 
to intestinal microbial balance (Fuller, 1992), and the addition of ‘substances’ in the 
definition included ‘antibiotics.’ Therefore, Fuller in 1989 modified the definition of 
probiotics as live microbial feed supplements which beneficially affect the host animal by 
improving intestinal microbial balance (Fuller, 1992). After several modifications, the 
definition of probiotics has been defined currently as live microorganisms that, when 
administered in adequate amounts, confer a health benefit on the host (Rijkers et al., 
2010; Lew and Liong, 2013).  
 
1.5.2. Mechanistic benefits of probiotics in human health and disease 
  
 The gastrointestinal tract of an animal is inhabited by a highly diverse group of 
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microorganisms, and for humans, more than 500 different types of microorganisms are 
localized mainly in the colon (Tuohy et al., 2003; Guarner et al., 2003). The major 
functions of these gut microbiota are to prevent pathogen colonization (Tuohy et al., 
2003), secrete bactericidal or bacteriostatic substances (Collado et al., 2009), utilize 
energy and nutrients (Guarner et al., 2003), and modulate the host immune response 
(Stamatova et al., 2009). Probiotics are effective against chronic inflammation in Crohn’s 
disease (Fujimori et al., 2006; Stamatova et al., 2009), remission of ulcerative colitis 
(Zocco et al., 2006; Kruis et al., 2004), reduction of inflammatory bowel disease (IBD) 
(Baroja et al., 2007), reduction of bowel movements, and pain (Andriulli et al., 2008), 
nonspecific diarrhea (Henker et al., 2008), improvement in lactose intolerance (Reid, 
1999), reduction of urinary tract infections (Reid, 1999), prevalence of eczema in young 
ones (Wickens et al., 2012), and against cancer (Reid, 1999). In addition, probiotics along 
with glutamine supplementation reduced infection in brain injured patients (de Arruda 
and Jose, 2004). 
 
 1.5.3. Probiotics in poultry 
 
 Nowadays consumers are concerned about antibiotic resistant bacteria, and 
antibiotic residues in the meat products and eggs. Therefore, probiotics have emerged as 
an alternative to antibiotics in poultry industry globally eliminating the use of chemicals, 
pesticides, and herbicides (Reid and Robert 2002; Apata et al., 2009). Previously, poultry 
farmers were using antibiotics as feed additives in sub-therapeutic doses, as these 
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compounds could eradicate common enteric pathogens in poultry such as Salmonella, 
Campylobacter, and Escherichia, thereby promoting optimal growth. Adversely, 
antibiotic supplementation in feed has resulted in the emergence of antibiotic-resistant 
bacteria that contaminated the human food chain, resulting in infections difficult to treat 
with existing antibiotics (Khachatourians, 1998; Marshall and Levy, 2011; Timothy et al., 
2012). The first indication about bacteria acquiring antibiotic resistance was reported by 
the UK Swan Committee in 1969. The Committee recommended that antibiotics used in 
human chemotherapy or those that promote cross-resistance should not be used as growth 
promoters in animals (Witte, 1998). Many countries banned incorporation of antibiotics 
in poultry feed, including Denmark in the early 90s. The FDA banned the use of 
fluoroquinolones in poultry feed since 2005. Ever since the FDA has been instrumental in 
persuading the industry to eliminate/reduce the use of medically important antibiotics 
from production agriculture, and that veterinary supervision has become mandatory for 
antibiotic use in livestock, including poultry (FDA, 2015).   
 
 After Nurmi and Rantala (1974), there has been a steady progress in evaluating 
beneficial microorganisms for pathogen reduction in poultry (Snoeyenbos et al., 1978). 
Following Nurmi’s concept of competitive exclusion cultures, in the early 90s, Nisbet et 
al. (1994) used a defined composition of anaerobic bacteria, namely probiotics, to 
competitively exclude Salmonella from poultry. This composition consisted of anaerobic 
bacteria that could ferment lactic acid to produce organic acids such as acetic, propionic, 
and butyric acids, and a second culture, an anaerobic bacterium capable of producing 
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lactic acid from the fermentable carbohydrates. The two bacterial cultures were added 
into poultry feed that eventually prevented Salmonella colonization in poultry gut.  
 
 Higgins et al. (2005) studied the efficacy of probiotics in preventing diarrhea, and 
stunted growth in turkey poults. The study was conducted in three independent 
experiments. Results revealed a significant weight gain in the probiotic-treated group 
when compared to antibiotic treated group in the first experiment. In the second 
experiment, however, no significant difference was observed between the two groups. In 
the third experiment, when there was Salmonella enterica serovar Senftenberg infection, 
poults that received antibiotic treatment after probiotic administration gained significant 
weight when compared to antibiotic -, and probiotic – treated groups. The research 
indicates inconsistency in the beneficial effects of probiotics in turkeys.  
  
 Rodriguez et al. (2007) investigated the effect of a Lactobacillus probiotic, FM- 
B11 (IVS/Wynco, LLC, Springdale, AR) on turkey body weight, performance, and 
health. The study was conducted in 118 commercial turkey hen lot containing 1,542 to 
30,390 hens per lot either belonging to Nicholas or Hybrid genetic lines. Sixty lots were 
selected as treatment groups whereas 58 were set as control groups. The probiotic was 
administered orally through drinking water at the level 10^6 CFU/ml for 3 consecutive 
days at placement (day of age) and move out (6 weeks of age). The study found a 
significant increase in market body weight, and average daily weight gain after probiotic 
administration (P < 0.05), and genetic line (P < 0.01), whereas, no significant difference 
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was observed in feed conversion efficiency between the treatment groups (P > 0.05). The 
cost of production was found to be less in probiotic fed group when compared to the 
control group. 
 
 Rahimi et al. (2008) determined the effect of a direct fed microbial (DFM), 
Primalac (Star- Labs Inc., Clarksdale, MO) supplemented through mash or crumbled feed 
and determined its effect on the structure and ultrastructure of the small intestine. There 
were 8 treatment groups with six replicates carrying 7 hens in each replication. The DFM 
group was supplemented with Primalac from day 1 to day 21. Fifty percent of the poults 
were challenged with 1ml of 10^10 CFU/ml Salmonella enterica serovar Typhimurium, 
Salmonella enterica serovar Heidelberg, and Salmonella enterica serovar Kentucky as 
oral gavage, and housed separately. At day 21, one poult from each treatment group was 
selected randomly, euthanized and performed a necropsy. Intestinal samples such as 
duodenum, jejunum, and ileum were collected to perform light and electron microscopy. 
The DFM-fed birds were found to possess increased goblet cell numbers, total goblet cell 
area, goblet cell mean size, and mucosal thickness when compared to treatment, and the 
intestinal lumen of these birds were found to be possessing more filamentous bacteria.  
 
 Zulkifli et al. (2000) studied the effect of probiotic cultures on growth performance 
and immune response in two commercial broiler strains, Hubbard × Hubbard (HH) and 
Shaver × Shaver (SS). The broiler strains were supplemented with either 50mg/kg 
oxytetracyline (OTC) or 1g/Kg Lactobacillus culture (LC) from day 1 onwards and were 
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exposed to a daily temperature of 36 ± 1°C for 3 h/day from day 21 to 42. Chicks 
supplemented with Lactobacillus culture showed higher weight gain followed by OTC 
group and control group during day 1 to day 21. Among the chicks, HH showed greater 
body weight and weight gain when compared to the SS strain. After heat exposure from 
day 21 to 42, it was found that strains provided with Lactobacillus cultures gained 
significant weight, showed high feed intake, and low food efficiency when compared to 
OTC and control groups.  
 
 Vahjen et al. (2010) studied the effect of Enterococcus faecium strain as probiotic 
against the bacterial population in the small intestine of growing turkey poults. The poults 
were fed with a diet containing 10^10 viable probiotic cells/kg feed for 42 days. Lactate 
production along with colony forming units of different bacteria such as anaerobic 
bacteria, lactic acid bacteria, enterobacteria, and enterococci were determined. The study 
found increased lactate concentration in probiotic fed birds throughout 42 days of study. 
In addition, a 10-fold increase in the enterococci colony forming units in treatment 
groups when compared to control group was observed. The study also found that the 
probiotic has stimulated other lactic acid bacteria in intestine such as Lactobacillus.  
 
 Menconi et al. (2010) determined the effect of commercial lactic acid bacteria 
cultures FloraMax (IVS-Wynco LLC, Springdale, AR) against Salmonella enterica 
serovar Heidelberg in broiler chicks and turkey poults. The study found a significant 
reduction in Salmonella enterica serovar Heidelberg in ceca of both species 
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supplemented with probiotics. In addition, the study concluded that the pathogen was 
more colonized in turkey ceca than broiler ceca. 
 Higgins et al. (2010) investigated the effect of 3 ATCC Lactobacilli (LAB3) 
combinations and a commercially available probiotic (PROB) in reducing Salmonella 
enterica serovar Enteritidis colonization in neonatal broiler chicks. In the first three set of 
experiments, chicks were challenged with Salmonella enterica serovar Enteritidis by oral 
gavage. After 1-hour challenge, chicks were treated separately with probiotics, LAB3 or 
PROB, and cecal tonsils were collected after 24 hours for Salmonella recovery. In the 
next set of four experiments, day-old chicks were supplemented with PROB by oral 
gavage, and then challenged with Salmonella enterica serovar Enteritidis as oral gavage 
after 24 hours. Cecal tonsils were also collected for Salmonella recovery after another 24 
hours. In the last set of three experiments, day-old chicks were challenged with 
Salmonella enterica serovar Enteritidis, and after 24 hours, the chicks were provided with 
probiotic culture, PROB by oral gavage. Cecal tonsils were collected for enrichment. In 
the first set of experiments, the probiotic, PROB considerably reduced cecal Salmonella 
populations when compared to LAB3 and the control (P<0.05). Similarly, in the second 
set of experiments, PROB significantly reduced cecal recovery of Salmonella when 
administered 24 hours before challenge. On the contrary, when PROB was administered 
24 hours after Salmonella challenge, no significant reduction of Salmonella was detected 
in the cecal tonsils. The study revealed that PROB is better than LAB3 in reducing 
Salmonella, but the reduction will be less if administered 24 hours after pathogen 
challenge. 
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 Wolfenden et al. (2011) evaluated the effect of DFM cultures on live performance 
and pathogen reduction in turkeys for 23 days. A Bacillus lateroporus isolate named 
PHL-MM65, and a Bacillus subtilis isolate, PHL-NP122 were fed at 10^6 spores/g of 
feed to 7-day old turkey poults grouped as two treatment groups. In addition to the above 
two treatments, two more groups were included as a negative control, and 0.019% 
nitarsone (feed additive), respectively. On day 23, the average body weights of birds in 
groups treated with probiotic isolate, PHL-NP122 (853g) and nitarsone (852g) were 
found to be significantly different (P<0.05) compared to the control group (784g). In 
addition, both isolates significantly reduced Salmonella when compared with the control 
(P<0.05). The study concluded that the isolate PHL-NP122 supplemented in poult diet 
can significantly improve weight gain and can reduce Salmonella in the cecum.  
 
 Agboola et al. (2014) determined the effect of probiotics and synbiotics on gut 
microbiota and gut histomorphological characteristics in turkey poults. Day-old turkey 
poults were brooded for 7 days, and were divided into four different treatment groups 
such as control, probiotics, antibiotics, and synbiotics. Necropsy was conducted on day 
56 and ileal digesta samples were collected for microbial enumeration and pH 
determination. Probiotic and synbiotic administration significantly reduced intestinal 
coliform count and total bacterial count (P<0.05), whereas pH was found to be acidic in 
treatment groups (6.45-6.83). The villus height and crypt depth of treatment groups were 
improved significantly (P<0.05) when compared to control groups, but less significant 
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from antibiotic treated groups. The lactic acid producing bacteria increased in probiotic 
and synbiotic groups. 
 1.5.4. Suggested probiotic mechanisms in poultry  
 
 Various mechanisms are suggested for the efficacy of probiotics in poultry. For 
example, Edens et al. (2003) suggested that probiotics could be alternatives to antibiotics 
because they can potentially modulate metabolism, conserve energy utilization, stimulate 
host immunity, competitively exclude and kill pathogens, enhance nutrient uptake from 
the intestinal tract, improve host performance, and ultimately resulting in reduced 
contamination of meat with enteric pathogens. In addition, use of probiotics in poultry 
may potentially stimulate immunity and boost performance (Dhama et al., 2011; Kabir et 
al., 2009). Moreover, probiotics can create a physical barrier in the intestinal tract against 
pathogen attachment, increase host digestive enzymes activity, decrease activity of 
digestive enzymes activity in pathogens, decrease ammonia production, neutralize 
enterotoxins produced by pathogens, improve nutrient uptake and host performance 
(Kral, 2012), maintain integrity of bone, and antagonistic to intestinal parasites in poultry 
(Khan et al., 2013).  
 
1.6. Conclusions and objectives  
 
Non-typhoidal salmonellosis is a serious public health concern in the United States of 
America. We are observing the emergence of certain Salmonella serotypes in poultry, 
22 
 
 
including the MDR Salmonella enterica serovar Heidelberg that has surfaced causing 
human infections difficult to treat with conventional antibiotics. With antibiotic 
resistance emerging as a major threat of the century, the FDA has persuaded the livestock 
industries to comply with the veterinary feed directive that aims at the elimination of the 
use of medically important antibiotics from production agriculture and facilitating 
veterinary supervision for antibiotic use on production farms. Probiotics are beneficial 
bacteria that can produce health benefits to the host. Probiotics, when administered in 
adequate quantities, could competitively exclude pathogenic bacteria from colonizing the 
gut. In addition, probiotics can stimulate host immune system and can maintain a healthy 
microbial balance inside the gut. Since MDR Salmonella enterica serovar Heidelberg 
could harbor inside the turkey gut, it is a serious public health concern, and so far, no 
studies have determined the potential of host-specific Lactobacillus strains against this 
MDR pathogen. Therefore, we hypothesized that (turkey gut-derived) Lactobacillus 
salivarius and Lactobacillus ingluviei in combination would reduce cecal colonization 
and organ invasion in turkey poults. Our specific objectives were: 
 
1. To determine the effect of supplementation of turkey gut-derived Lactobacillus 
salivarius and Lactobacillus ingluviei in combination against MDR Salmonella enterica 
serovar Heidelberg colonization in turkey poults, and  
 
2. To determine the probiotic qualities of turkey gut-derived Lactobacillus salivarius and 
Lactobacillus ingluivei isolates in vitro. 
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Chapter 2 
 
 
 
 
 
 
 
 
Determining the effect of supplementation of turkey gut-derived Lactobacillus 
salivarius and Lactobacillus ingluviei in combination against multidrug-resistant 
Salmonella enterica serovar Heidelberg colonization in turkey poults 
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Synopsis 
 
In this study, we determined the efficacy of Lactobacillus salivarius and 
Lactobacillus ingluviei, Lactobacillus of turkey-gut origin, against MDR Salmonella 
enterica Heidelberg colonization in commercial straight-run Hybrid Converter turkey 
poults. Three independent experiments were conducted. The treatment groups were 
negative control (-S. enterica ser. Heidelberg, -Lactobacillus), S. enterica ser. Heidelberg 
control (+S. enterica ser. Heidelberg, -Lactobacillus), and a treatment group (+S. enterica 
ser. Heidelberg, +Lactobacillus), with at least nine birds in each treatment group per 
experiment. Lactobacillus (8 log10 CFU/gallon of water) was supplemented through 
drinking water continuously for 14 days. Poults were challenged with the 2011 turkey 
outbreak strain of S. enterica ser. Heidelberg (5.0 log10 CFU/ml) on day 7, and S. 
enterica ser. Heidelberg counts were determined on days 2 and 7 post-inoculation. 
Results indicated that the treatments significantly reduced S. enterica ser. Heidelberg in 
the cecum, liver, and spleen of turkey poults compared to the S. enterica ser. Heidelberg 
control in two of the three experiments conducted (P<0.05). The combination of 
Lactobacillus isolates could be an alternative to antibiotics strategy in turkey production.  
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2.1. Introduction 
  
Probiotics are used in the poultry industry as a substitute for antibiotics, as a growth 
promoter, and for eliminating pathogenic bacteria. On the other side of the coin, 
increased use of antibiotics in livestock, and poultry has led to the emergence of 
antibiotic-resistant pathogenic bacteria in the animal gastrointestinal tracts (GIT) 
(Khachatourians 1998). This has become a great concern for the consumers who prefer 
foods that are not treated with antibiotics, for that matter, any chemicals of human health 
concern (Donoghue 2003). A few countries have banned the use of antibiotics in poultry 
feed, and the FDA has invested a great effort to persuade industry to reduce the use of 
medically important antibiotics from animal agriculture (FDA, 2015). In this context, 
probiotics have become an area of great promise in the animal industry, including poultry 
production as several probiotics can deliver multiple benefits to the host.  
 
Research of Nurmi and Rantala (1973) on competitive exclusion opened new horizons in 
the alternative antimicrobial discovery in the early 1970s. They reported that oral 
administration of cultured gut flora of an adult chicken could prevent Salmonella enterica 
serovar Infantis colonization in young chicks. It became evident that host-specific 
cultures could be protective against pathogenic organisms. However, standardizing 
defined cultures – cultures of which the identity of the included organisms is known to 
the strain, dose, stability, and concentration levels, is still a difficult task for the industry 
and researchers. In this regard, lactic acid bacteria have been tremendously researched 
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since they are the predominant inhabitants among the gut microbes of humans and 
animals (Chou and Weimer, 1999). They have tremendous potential to be considered as 
host-specific probiotics (Tortuero et al., 1973; Pascual et al., 1999; Ghareeb et al., 2012; 
Bielke et al., 2003; Torrez- Rodriguez et al., 2007; Vicente et al., 2007; Higgins et al., 
2008). Lactobacillus strains have the ability to produce bacteriocins, lactic acid, and 
peroxide that can inhibit pathogenic bacteria (Harimuthu and Widodo, 2015).  
 
Previous studies used either commercially available Lactobacillus strains or cecal 
microflora from another bird (non-defined cultures). No studies are available to date 
regarding the use of turkey-gut derived defined Lactobacillus cultures against MDR 
Salmonella enterica serovar Heidelberg colonization in turkeys. To meet this goal, the 
objective of this study was to determine the use of turkey-gut derived Lactobacillus 
salivarius and Lactobacillus ingluviei on cecal colonization, and organ invasion of 
Salmonella enterica serovar Heidelberg in turkey poult challenge-intervention-response 
model.  
 
2.2. Materials and Methods 
 
All experiments were approved by the Institutional Animal Care and Use Committee at 
the University of Minnesota and carried out according to the protocol.  
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2.2.1. Bacteria 
  2.2.1.1. MDR Salmonella isolate, culture conditions, inoculum preparation 
 
  An MDR (resistant to ampicillin, tetracycline, gentamicin, and streptomycin; 
CLSI standards) isolate of Salmonella enterica serovar Heidelberg obtained from the 
2011 ground turkey outbreak were used for challenging poults in the experiment (Source 
– University of Tennessee, Knoxville, TN). For selective enumeration, and to avoid any 
inherent MDR Salmonella, the input Salmonella enterica serovar Heidelberg isolate was 
made resistant against nalidixic acid (NA; Amresco; 50µg/ml) by gradually growing the 
bacteria in tryptic soy broth (TSB; Criterion, Hardy Diagnostics, CA) from 5µg/ml to 
50µg/ml. The isolates were confirmed for resistance induction by streaking on XLD 
containing 50µg/mL of NA (XLD-NA). For determining the bacterial count, NA resistant 
isolate was grown overnight aerobically in 500 mL of TSB supplemented with 50µg/ml 
NA at 37° C. The overnight bacterial culture was serially diluted 10-fold in phosphate 
buffered saline (PBS; pH 7.2), and 0.1 mL of the appropriate dilutions were plated on 
XLD-NA, and incubated at 37° C for 24 h. For preparing inoculum, the overnight 
bacterial culture was grown in 500 mL of TSB-NA and was sedimented by centrifugation 
(4000 x g, 15 min at 4° C; Allegra 15X Beckman Coulter), and the pellet was 
resuspended in 100 mL of PBS to get a bacterial concentration of 5 x10^8 CFU/mL. 
Appropriate serial 10-fold dilution was carried out to obtain a final 5 x 10^5 CFU/ml, and 
was used a bacterial inoculum (Kollanoor Johny et al., 2009; 2010a, b; 2012a, b; 2013; 
Nair and Kollanoor Johny, 2016; Nair et al., 2016).  
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  2.2.1.2. Probiotic isolates, and inoculum preparation 
 
  Probiotic (Lactobacillus) isolates were provided by Dr. Timothy Johnson, 
Veterinary and Biomedical Sciences, University of Minnesota. The two isolates, 
Lactobacillus salivarius, and Lactobacillus ingluviei, were lab adapted by continuously 
sub-culturing aerobically at 37°C, and bacterial enumeration on deMan Rogosa Sharpe 
(MRS; Criterion, Hardy Diagnostics, CA) agar after aerobic incubation at 37° C for 48 h. 
Both cultures were grown overnight separately in 500mL MRS broth at 37° C, 
aerobically. Bacterial enumeration of overnight cultures was done by serially diluting 
(1:10) in PBS, and plating 0.1 mL of corresponding dilutions on MRS plates, and 
allowing to incubate at 37° C for 48h. Bacterial cultures were then subjected to 
centrifugation at 4000g, 15m, and 4° C. The button formed for each probiotic was 
reconstituted in 25mL PBS (pH 7.2) and were mixed to get a final volume of 50 mL. The 
final volume (50 mL) was dispensed in 1-gallon drinking water to attain a final 
concentration of 10^6 CFU/ml and fed for 14 days to birds belonging to the probiotic, 
and treatment groups (Kollanoor Johny et al., 2013; Nair and Kollanoor Johny, 2016; 
Nair et al., 2016).  
 
 2.2.2. Experimental birds 
 
 Day-of-hatch, commercial, turkey poults (Hybrid converter), male and female in 
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equal, obtained from the Willmar Poultry Company, Willmar, MN, were weighed and 
allocated to isolators located at the Research Animal Resources biocontainment 
(isolation) units at the University of Minnesota. Poults were provided with non-
medicated, Salmonella-free feed (Famo feeds Inc.), and water ad libitum. Testing 
confirmed the feed was negative.  Arrangements were made for providing age- 
appropriate temperatures, and bedding.  
 
 2.2.3. Experimental Design 
 
 Three separate experiments were conducted to determine the effect of Lactobacillus 
salivarius and Lactobacillus ingluviei in combination in reducing MDR Salmonella 
enterica serovar Heidelberg in turkey poults. Weighing of each bird was performed on 
day 0, and random screening was performed in the incoming flock to determine the 
presence of any inherent Salmonella (n=6/experiment). Briefly, two birds from each 
group were euthanized with CO2, cecal contents were collected, and enriched in 10mL 
selenite cystine broth (SCB; Criterion, Hardy Diagnostics, CA) for 6h. The enriched 
cecal contents were streaked on xylose lysine desoxycholate agar (XLD; Criterion, Hardy 
Diagnostics, CA), and incubated at 37°C for 24h. There were 3 treatments in each 
experiment: a negative control (no S. enterica ser. Heidelberg challenge and no 
probiotic), a positive control (S. enterica ser. Heidelberg challenge and no probiotic), and 
a treatment group (S. enterica ser. Heidelberg challenge and probiotic).  
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 Birds in the negative control were not provided probiotic. Fifty ml of the probiotics 
made from equal volumes of Lactobacillus salivarius (10^9cfu/mL) and Lactobacillus 
ingluviei (10^9 CFU/mL) were added to 1 gallon of drinking water daily to attain a final 
concentration of ~10^6 CFU/ml for 14 days to the probiotic group. Birds in the positive 
control group and the probiotic group were challenged with Salmonella enterica serovar 
Heidelberg at ~10^6 CFU/ml on day 7. After 48 h of challenge, two birds were randomly 
selected from each group to ensure Salmonella colonization in the ceca. At the end of 
each experiment, birds were weighed and euthanized by CO2 asphyxiation, and ceca were 
collected aseptically for Salmonella colonization in the ceca and liver and spleen for 
checking Salmonella invasion. 
 
 2.2.4. Determination of cecal colonization of MDR Salmonella enterica serovar 
Heidelberg 
 
 Ceca with their contents from each bird were collected aseptically in separate 50mL 
tubes containing 10mL PBS (pH 7.2), weighed, and homogenized thoroughly. The cecal 
contents were serially diluted (1:10) in PBS, and corresponding dilutions were plated on 
XLD-NA. The plates were then incubated aerobically at 37° C for 48 h. Those samples 
which were not enumerated by serial dilution and plating were enriched with 10mL SCB, 
aerobically, and incubated at 37° C for 6h, and streaked on XLD-NA plates. The streaked 
XLD-NA was then aerobically incubated at 37° for 24 h (Kollanoor Johny et al., 2009; 
2010a, b; 2012a, b; 2013; Nair and Kollanoor Johny, 2016; Nair et al., 2016).  
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    2.2.5. Determination of invasion of MDR Salmonella enterica serovar Heidelberg 
to liver and spleen 
 
 Liver and spleen were collected aseptically from each bird into 50mL tubes 
containing 10mL PBS and mixed homogeneously. The homogenate was then enriched 
with 10mL SCB, and allowed to incubate aerobically at 37° C for 6h. The homogenate 
was then streaked on XLD-NA plates and was aerobically incubated at 37° for 24 h 
(Kollanoor Johny et al., 2009; 2010a, b; 2012a, b; Nair and Kollanoor Johny, 2016; Nair 
et al., 2016). 
 
 2.2.6. Statistical analysis 
 
 A completely randomized design was used to analyze the effect of probiotics 
on Salmonella enterica serovar Heidelberg in all experiments. The treatment structure 
included 3 treatment groups (Negative Control, Salmonella Control, and Probiotic + 
Salmonella) and 3 organ samples (cecum, liver, and spleen), and the experimental unit 
was a pen (isolator). The number of Salmonella colonies was logarithmically transformed 
(log10 CFU/g) before analysis to achieve homogeneity of variance (Byrd et al., 2003). 
The data were analyzed using the PROC-MIXED procedure of the statistical analysis 
software (version 9.4, SAS Institute Inc., Cary, NC). Differences among the least squares 
means were detected using Fisher’s least significance difference test. A P-value <0.05 
was considered statistically significant. The liver and spleen data were analyzed with a 
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binary approach to determine the effect of probiotic treatment on the presence (positive 
after either direct plating or enrichment) or absence (negative after both direct plating and 
enrichment) of Salmonella in different organ samples. An isolator was the experimental 
unit, and the analysis was done for each organ separately. The corresponding body 
weights in different groups from three experiments were combined for analysis. 
 
2.3. Results 
 
No significant difference was observed for day 1 body weights in the experiments 
(P>0.05). Also, no significant difference was found in day 14 body weight among the 
three groups (P>0.05) (Figure 1).  
 
After 48h post-inoculation, Salmonella enterica serovar Heidelberg colonized the poult 
ceca in the range of 5- and 6- log10CFU/g of cecal contents in all experiments. After 7 
days’ post inoculation, Salmonella enterica serovar Heidelberg continued colonizing the 
cecum of Salmonella controls in the range of 4.7 to 6.2 log10 CFU/g of cecal contents 
(Figure 2). However, the probiotic supplementation reduced Salmonella enterica serovar 
Heidelberg colonization in the poultry ceca significantly, except in the second experiment 
(Figure 2). In the first and third experiments, probiotic supplementation significantly 
reduced cecal colonization of Salmonella enterica serovar Heidelberg by 1.79- and 3.9 
logs, respectively, compared to the Salmonella controls.  
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Similar to the cecal colonization, liver invasion by Salmonella enterica serovar 
Heidelberg was also significantly affected by the probiotic supplementation in 
experiments 1 and 3. In the first experiment, 71% of the liver samples in the Salmonella 
control were invaded by Salmonella enterica serovar Heidelberg. The supplementation of 
probiotic reduced liver invasion by the pathogen to 21% (P<0.05; Figure 3). Similarly, in 
the third experiment, the probiotic supplementation reduced liver invasion of the 
pathogen from 83% in control to 12.5% (Figure 3; P<0.05). No significant difference 
between the treatments was observed in the second experiment.  
 
Invasion of spleen by Salmonella enterica serovar Heidelberg varied significantly across 
the experiments (Figure 4). In the first experiment, the percentage of splenic invasion in 
the probiotic supplemented group (7%) was substantially lower than in the control group 
(33%; P<0.05; Figure 4). In the second experiment, no significant difference between the 
treatments was observed (P>0.05). A 100% invasion of the spleen was noticed in both 
control and treatment groups. However, in the third experiment, probiotic 
supplementation significantly decreased Salmonella enterica serovar Heidelberg splenic 
invasion by >30% (P<0.05; Figure 4).  
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2.4. Discussion 
 
Following Nurmi and Rantala’s research on competition exclusion cultures against 
Salmonella enterica  serovar Infantis in chickens (Snoeyenbos et al., 1978), several 
researchers investigated the potential of non-defined and defined probiotic cultures for 
competitive exclusion of pathogenic bacteria (Pascual et al., 1999; Higgins et al., 2007; 
Rodriguez et al., 2007; Ghareeb et al., 2012). However, there are various functions for 
which probiotics are being used now-a-days, including modulation of the immune 
system, balancing the enteric flora, and maintenance of cellular integrity in the GIT, 
among several others. There has been a renewed interest in using host-specific bacteria as 
probiotics in livestock production. One important aspect is the colonization potential of 
the bacteria used, which most of the non-host-specific species lack. In addition, one of 
the challenges that the probiotic industry face is the difficulty in delivering high, and 
stable populations of probiotics into the gut from external sources, and keeping them 
alive for longer duration in the GIT.  
 
 Lactobacillus species is the most common, and a major role player in animal gut 
microbiome balance. Since they are the major species that colonize in the chicken gut 
(Fuller and Brooker 1974), the use of host-specific Lactobacillus could be a viable 
strategy for controlling pathogens in poultry; studies that investigated host-specific 
Lactobacillus is scarce in turkeys. The current study explores the potential of such a 
strategy – use of Lactobacillus of turkey gut origin – to control MDR Salmonella enterica 
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serovar Heidelberg in turkeys. If found effective, this strategy could be easily 
implemented in the turkey farms for pathogen control.  
 
The probiotic exerted significant reduction against Salmonella enterica serovar 
Heidelberg in two of the three experiments (Figure 2). It could be inferred that a 2-3 
log10 CFU/g reduction of Salmonella enterica serovar Heidelberg could be obtained if 
the Lactobacillus combination is applied at 10^6 CFU/ml through water and the 
Salmonella enterica serovar Heidelberg colonization is at 10^5 log10 CFU/bird (Figure 
2). This is important with regards to field situations because Salmonella if present as few 
as 100 cells can infect day old chicks, and make them consistent pathogen shedders (Van 
Immerseel et al., 2004; Gast and Holt, 1998). However, as they are a week old, it may 
take a million cells to consistently infect the chicks (Van Immerseel et al., 2004; Trampel 
et al., 2014). Moreover, the infectious dose of Salmonella in humans is 50-100 cells 
(Waterman et al., 1998). The reduction observed in the current study indicates that 
preharvest food safety associated with bird-level colonization of the pathogen, and the 
potential of cross-infection of fresh incoming flock could be improved with turkey-
derived Lactobacillus based probiotics. Contrary to the first and third experiment, the 
birds in the second experiment may have encountered transportation stress that resulted in 
a higher rate of pathogen colonization (10^6 log10 CFU/g vs. <10^5 CFU/g) although the 
initial inoculation was the same (5X10^5 log10 CFU/bird) (Figure 2). 
 
The reduction in Salmonella number could be due to competitive exclusion by the 
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probiotic as Salmonella was unable to adhere to the cecal/intestinal epithelium (Jin et al., 
1996a). Also, Salmonella could have encountered competition from probiotics for 
nutrients (Patterson and Burkholder 2003) and the high cell surface hydrophobicity of 
Lactobacillus - a measure of greater ability to adhere to the intestinal cells, when 
compared to Salmonella (Gusils et al., 1999). In addition, bacteriocins produced by 
Lactobacillus could have exerted potent antimicrobial activity (Bogovič-Matijašić et al., 
1998). In addition, Vicente et al. (2007) have observed that when probiotics are 
administered orally, the reduction of Salmonella in the cecum could be achieved due to 
an increased concentration of short-chain fatty acids such as propionic acid, acetic acid, 
lactic acid, and butyric acid. 
 
We also found that host-specific Lactobacillus could reduce invasion of the liver by 
Salmonella enterica serovar Heidelberg, evidence obtained from 2 of the 3 experiments. 
The liver has stellate macrophages – the Kupffer cells – that could help in the clearance 
of the bacteria much faster than any other organ (Llorente and Bernd, 2016). However, 
reduction of invasion to the spleen is hard to obtain. Splenic polymorphonuclear cells 
have been identified as a ‘safe-site’ for Salmonella enterica serovar Typhimurium 
survival (Dunlap, 1992). The decrease in liver invasion may be due to a significant 
reduction in pathogen load in the gut due to competitive exclusion by Lactobacillus. The 
other protective mechanisms that might have played vital roles in preventing organ 
invasion of Salmonella could be immune modulation (Hatcher and Lambrecht, 1993), 
and bacteriocin production (Bogovič-Matijašić et al., 1998). 
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Although not host-specific, Lactobacillus species have high potential as a general 
probiotic in chickens. For example, Higgins et al. (2007) found that administration of 
Lactobacilli 1h after challenge with Salmonella enterica serovar Enteritidis, and 
Salmonella enterica serovar Typhimurium significantly reduced pathogens in the cecal 
tonsils, and ceca after 24h. The potential of Lactobacillus salivarius CTC2197 to inhibit 
Salmonella enterica serovar Enteritidis for 21 days was explored by Pascual et al. (1999). 
Similarly, Ghareeb et al. (2012) found that Campylobacter jejuni, a pathogenic bacterium 
colonizing the ceca of chickens can be competitively excluded when administered with a 
multispecies probiotic that contain Lactobacillus salivarius and Lactobacillus reuteri.  
 
In conclusion, the oral supplementation of combined probiotic cultures of Lactobacillus 
Salivarius and Lactobacillus ingluviei at 10^6 CFU/ml significantly reduced cecal 
colonization and invasion of the liver and spleen by MDR Salmonella enterica serovar 
Heidelberg, reflecting its potential to be studied in larger turkeys.  
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Figure 1 
Effect of Lactobacillus probiotic on body weights of turkey poults with and without S. 
enterica ser. Heidelberg challenge. 
 
 
* No significant difference between the treatments (P>0.05) on day 14. Each group had 
40 birds in the beginning, from which 8 birds per group were euthanized on day 2 post-
inoculation to ensure S. enterica ser. Heidelberg colonization. Final body weights were 
taken from a minimum of 29 birds per group. 
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Figure 2 
Effect of Lactobacillus probiotic on cecal colonization with S. enterica ser. Heidelberg 
challenge in turkey poults on day 14* 
 
 
* Different superscripts indicate that the treatment groups were significantly different at 
P<0.05 on day 14. Treatment groups were: Negative Control, Salmonella Control, and 
Salmonella + Probiotic.  Study 1 had 14 birds in each treatment group, Study 2 had 9 
birds in each treatment group, and Study 3 had 9 birds in the Negative control, 6 birds in 
the Salmonella Control, and 8 birds in the Salmonella + Probiotic group.  
 
  
40 
 
 
Figure 3 
Effect of Lactobacillus probiotic on the liver invasion with S. enterica ser. Heidelberg in 
turkey poults on day 14* 
 
 
* Different superscripts indicate that the treatment groups within an experiment were 
significantly different at P<0.05 on day 14. Treatment groups were: Negative Control 
Salmonella Control, and Salmonella + Probiotic. Study 1 had 14 birds in each treatment 
group, Study 2 had 9 birds in each treatment group, and Study 3 had 9 birds in the 
Negative control, 6 birds in the Salmonella Control, and 8 birds in the Salmonella + 
Probiotic group. 
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Figure 4 
Effect of Lactobacillus probiotic on the spleen invasion with S. enterica ser. Heidelberg 
in turkey poults on day 14* 
 
 
 
* Different superscripts indicate that the treatment groups were significantly different at 
P<0.05 on day 14. Treatment groups were: Negative Control, Salmonella Control, and 
Salmonella + Probiotic. Study 1 had 14 birds in each treatment group, Study 2 had 9 
birds in each treatment group, and Study 3 had 9 birds in the Negative control, 6 birds in 
the Salmonella Control, and 8 birds in the Salmonella + Probiotic group. 
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Chapter 3 
 
 
 
 
 
 
 
To determine the probiotic qualities of turkey gut-derived Lactobacillus salivarius 
and Lactobacillus ingluviei isolates in vitro. 
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Synopsis 
In this study, we determined the qualities of Lactobacillus ingluviei and 
Lactobacillus salivarius to be considered as potential probiotics, in vitro. Although 
turkey gut-derived, any potential probiotic strain will face a series of physiological 
challenges until efficient colonization in the cecum occurs, once administered orally. 
These obstacles include the low acid environment in the proventriculus, and the detergent 
action of bile and bile salts, before its colonization in the lower part of the intestine. Once 
these obstacles are traversed, the probiotic strain should have the ability to colonize 
strongly to the intestinal epithelium for performing colonization resistance against 
invading pathogens. In this process, potential probiotic strains will induce strong 
antimicrobial property. Our studies indicated that both Lactobacillus exerted significant 
resistance to low pH and bile salts (P<0.05). Our cell culture studies indicated that the 
tested Lactobacillus isolates had high adhesion to model avian intestinal epithelial cells, 
validating the in vivo studies. Moreover, the cell-free extracts of Lactobacillus salivarius 
and Lactobacillus ingluviei showed high antimicrobial activity separately against three 
major serotypes of Salmonella, namely, Salmonella enterica serovar Enteritidis, 
Salmonella enterica serovar Typhimurium and Salmonella enterica serovar Heidelberg 
(P<0.05).  We also tested the antibiotic susceptibility of the potential Lactobacillus 
isolates. Lactobacillus salivarius and Lactobacillus ingluviei were sensitive to a variety 
of common antibiotics used in human therapy. 
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3.1. Introduction 
 
Probiotics are beneficial microbes that can contribute to the gut health (Pagnini et al., 
2009; Gartz et al., 2010). The word “probiotic” was first used by Lilly and Stillwell in 
1965 to address substances secreted by microorganisms that can stimulate the growth of 
other microorganisms (Fuller, 1992). In 1971, Sperti described probiotics as extracts that 
can stimulate microbial growth, as opposed to antibiotics that can prevent microbial 
growth. In 1974, Parker defined probiotics as organisms and substances which contribute 
to intestinal microbial balance (Fuller, 1992), and the addition of ‘substances’ in the 
definition included ‘antibiotics.’ Therefore, Fuller in 1989 modified the definition of 
probiotics as live microbial feed supplements which beneficially affect the host animal by 
improving intestinal microbial balance (Fuller, 1992). After several modifications, the 
definition of probiotics has been defined currently as live microorganisms that, when 
administered in adequate amounts, confer a health benefit on the host (Rijkers et al., 
2010; Lew and Liong, 2013).  
 
Nowadays consumers are concerned about the presence of antibiotic resistant bacteria, 
and residues in the meat products and eggs. Therefore, probiotics have emerged as an 
alternative to antibiotics in poultry industry globally eliminating the use of chemicals, 
pesticides, and herbicides (Reid and Robert 2002; Apata et al., 2009). Various 
mechanisms are suggested for the efficacy of probiotics in poultry. For example, Edens et 
al. (2003) suggested that probiotics can potentially modulate metabolism, conserve 
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energy utilization, stimulate host immunity, competitively exclude and kill pathogens, 
enhance nutrient uptake from the intestinal tract, improve host performance, and 
ultimately resulting in reduced contamination of meat with enteric pathogens. In addition, 
use of probiotics in poultry may potentially stimulate immunity and boost performance 
(Dhama et al., 2011; Kabir et al., 2009). Moreover, probiotics can create a physical 
barrier in the intestinal tract against pathogen attachment, increase host digestive enzyme 
activity, decrease digestive enzyme activity in pathogens, reduce ammonia production, 
neutralize enterotoxins produced by pathogens, improve nutrient uptake and host 
performance, maintain integrity of bone, and effective against intestinal parasites (Kral, 
2012; Khan et al., 2013).   
 
Ideal probiotics will be good colonizers in the host intestines. The organisms have to go 
through different segments of the gastrointestinal tract to result in efficient colonization. 
During this transit, they will have to encounter the low pH prevailing in the gastric 
environment, detergent properties of bile in the small intestine, possess bile salt hydrolase 
activity, and finally, adhere to the intestinal epithelium (Schillinger et al., 2005). 
Moreover, the probiotic bacteria should possess antibacterial activity against harmful 
pathogens and do not invade the host epithelial cells (Owusu-Kwarteng et al., 2015). 
Furthermore, these organisms should be susceptible to conventional antibiotics used for 
human therapy.   
 
We observed that turkey-derived Lactobacillus isolates could significantly reduce the 
46 
 
 
colonization and invasion of MDR Salmonella enterica serovar Heidelberg in turkey 
poults (Chapter 2). Therefore, in this chapter, our objective was to determine the 
probiotic qualities of the Lactobacillus isolates to encounter the stressors in the gut 
environment and ultimately perform antimicrobial activity against Salmonella enterica 
serovar Heidelberg in vitro. 
 
3.2. Materials and methods 
 
 3.2.1. Probiotic isolates, growth conditions, and inoculum preparation 
 
 Probiotic (Lactobacillus) isolates were kindly provided by Dr. Timothy Johnson, 
Veterinary and Biomedical Sciences, University of Minnesota. The two isolates, 
Lactobacillus salivarius, and Lactobacillus ingluviei were lab adapted by continuously 
sub-culturing aerobically at 37 °C, and bacterial enumeration on deMan Rogosa Sharpe 
(MRS; Criterion, Hardy Diagnostics, CA) agar after aerobic incubation at 37° C for 48 h. 
Lactobacillus salivarius and Lactobacillus ingluviei cultures were grown overnight 
separately in 500mL MRS broth at 37 °C, aerobically. Bacterial enumeration of overnight 
cultures was done by serially diluting (1:10) in PBS, and plating 0.1 mL of corresponding 
dilutions on MRS plates, and allowing to incubate at 37°C for 48h. Bacterial cultures 
were then subjected to centrifugation at 4000g, 15m, and 4° C. The button formed for 
each probiotic was reconstituted in PBS (pH 7.2) and used as inoculum (Kollanoor Johny 
et al., 2013).  
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 3.2.2. Determination of resistance to low pH 
  
 A fresh overnight culture (18 h) of either Lactobacillus salivarius or Lactobacillus 
ingluviei grown in 10 mL MRS broth (n=12) was centrifuged at 4000 x g, 15 min, 4° C 
(Allegra 15X Beckmann Coulter). The button formed was washed twice using PBS 
buffer (pH 7.2), and was resuspended (n=6) in 10 mL PBS buffer having a pH=2.5 
(adjusted using 0.1N HCl) to simulate acidic conditions in the stomach (Farner 1942), 
and also in PBS buffer having a pH=7.2 (n=6), as control. The resuspended Lactobacillus 
were then allowed to incubate anaerobically (5% CO2) at 41°C for 3.5h, the approximate 
time the feed spends in the poultry alimentary tract (Mateos et al., 1982). Viable bacterial 
colonies were enumerated at 0 h and after 3.5 h, after serial dilution (1:10), and plating 
0.1 mL of corresponding dilutions on MRS agar plates, and incubation at 37°C 
aerobically for 48h (Owusu-Kwarteng et al., 2015).  
 
 3.2.3. Determination of resistance to bile salt 
 
 A fresh overnight culture (18 h) of either Lactobacillus salivarius or Lactobacillus 
ingluviei grown in 10 mL MRS broth (n=12) was centrifuged at 4000 x g, 15 min, 4 °C. 
The button formed was washed twice using PBS buffer (pH 7.2), and was resuspended in 
2 mL PBS. From this, 0.5 mL of resuspended bacteria was taken, and inoculated into 5 
mL of MRS containing 0.3% bile salt (n=6). The pH was adjusted to 8 using 1N NaOH. 
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MRS tubes without added bile salt pH 7.2 (n=6) were kept as negative controls. The 
resuspended bacteria were then allowed to grow anaerobically (5% CO2) at 41° C for 
3.5h, the time for the transit of feed through the gut (Mateos et al., 1982). Viable bacterial 
colonies were enumerated at 0 h and after 3.5 h, after serial dilution (1:10) and plating 0.1 
mL of corresponding dilutions on MRS agar plates, and incubated at 37°C aerobically for 
48h (Owusu-Kwarteng et al., 2015). 
 
 3.2.4. Determination of bile salt hydrolase activity 
 
   Overnight Lactobacillus (18 h) cultures were streaked on MRS agar plates (n=6) 
that contained 0.5% (w/v) taurodeoxycholic acid. Normal MRS agar plates were set as 
controls (n=6). The plates were then allowed to incubate anaerobically (5% CO2) at 41°C 
for 48h. Bile salt hydrolase activity was identified by different colony morphology in 
treatment plates when compared to the control plates. Listeria monocytogenes having 
proven bile salt hydrolase activity, streaked on 0.5% (w/v) tauro deoxycholic acid was 
kept as a positive control (Owusu-Kwarteng et al., 2015). 
 
 3.2.5. Determination of hemolytic activity 
 
   Overnight Lactobacillus (18 h) cultures were streaked on blood agar plates (n=6) 
made from Columbia CNA (Colistin + NA, C-CNA, Criterion, Hardy Diagnostics, CA) 
agar mixed with 5% (w/v) defibrinated turkey blood (Rockland Immunological, PA). 
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Normal blood agar plates (n=6) streaked with MRS broth were set as control. The plates 
were then allowed to incubate anaerobically (5% CO2) at 41 °C for 48h, and examined 
for β-hemolysis (clear zones around colonies), α-hemolysis (greenish discoloration) and 
γ-hemolysis (no zones around colonies). Streptococcus pyogenes that possess β-
hemolytic activity when streaked on blood agar were kept as positive controls (Owusu-
Kwarteng et al., 2015). 
 
 3.2.6. Determination of antimicrobial activity 
 
    Lactobacillus cultures grown for 72 hours aerobically at 37° C were centrifuged 
at 4000 x g, 15 min, 4°C, and filter sterilized using a 0.22-micrometer filter (Corning 
Incorporated, Corning, NY) to separate supernatants. The cell- free culture supernatants 
(CFCS) were screened for inhibitory activity against different pathogenic Salmonella 
serotypes such as Salmonella enterica serovar Heidelberg, Salmonella enterica serovar 
Typhimurium, and Salmonella enterica serovar Enteritidis. Briefly, CFCS at various 
concentrations, 5%, 10%, 15%, and 20%, were added to 2mL tryptic soy broth (n=6) 
taken in 6-well cell culture plates and the pH was recorded. Controls were set for each 
concentration of treatments with 2mL tryptic soy broth (n=6) after adjusting the pH to the 
corresponding treatment groups with 1N HCl. An initial inoculum of 10^5 CFU/ml of 
each Salmonella serotype was added into the treatment wells. Optical density reading was 
taken at 610nm at 0h and 24h after incubating anaerobically in 5% CO2 at 41° C (Owusu-
Kwarteng et al., 2015). 
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 3.2.7. Determination of antibiotic susceptibility 
 
The antibiotic susceptibility of the Lactobacillus isolates was tested against some 
of the common antibiotics such as Amoxicillin, Ceftiofur, Clindamycin, Enrofloxacin, 
Erythromycin, Florfenicol, Gentamicin, Neomycin, Novobiocin, Oxytetracycline, 
Penicillin, Spectinomycin, Streptomycin, Sulfadimethoxine, Sulphathiazole, 
Tetracycline, Trimethoprim/Sulphamethoxazole, and Tylosin by using Sensititre avian 
plates according to the Clinical Laboratory Standard Institute's (CLSI) guidelines. This 
experiment was carried out at the Veterinary Diagnostic Laboratory, University of 
Minnesota.  
 
 3.2.8. Cell culture 
 
  3.2.8.1. Avian epithelial cell line 
 
  A permanent avian epithelial cell line obtained from the abdominal tumor 
cells known as Budgerigar abdominal tumor cells (BATC) was used for cell culture 
studies. BATCs were grown in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% fetal calf serum (FBS). The cells were propagated three times, 
and were seeded into wells of 24-well tissue culture plates added with 1 mL whole 
medium (DMEM + 10% FBS) so that a final concentration of 1x 10^5 cells/ well was 
attained. The tissue culture plates were incubated at 37 °C with 5% CO2 for 48h to reach 
51 
 
 
a confluence > 95%. The cell viability was checked using trypan vital dye exclusion 
assay. In short, before each experiment, 50𝜇L of the diluted BATC suspension was mixed 
with 50𝜇L of trypan blue vital dye and 10uL was loaded in counting chambers of a 
hemocytometer. The nonviable cells are indicated by blue cells and counted under the 
low- power objective of a light microscope after one minute (Kollanoor Johny et al., 
2012a, b; Nair and Kollanoor-Johny, 2016; Nair et al., 2016).  
 
  3.2.8.2. Epithelial association assay 
 
  The study was conducted to determine the adherence ability of Lactobacillus 
to the avian intestinal epithelium. Lactobacillus ingluviei and Lactobacillus salivarius 
were grown separately for 2 to 3 generations in MRS broth at 37 °C in 5% CO2 with 
shaking (100rpm) to obtain a final concentration of 10^9 CFU/mL and used to inoculate 
the BATC. Briefly, the BATC cell line grown in 1 mL DMEM were inoculated with 10^9 
CFU/mL of each Lactobacillus separately and incubated for 1 h at 37 °C under 5% CO2 
for attachment. The control and treatment wells were added with 0.1% Triton-X and 
allowed to incubate at 37◦C for 15 minutes. The total number of Lactobacillus adhered to 
the BATC were enumerated after plating cell homogenates on MRS agar, and incubating 
at 37◦C for 48h (Kollanoor Johny et al., 2012a, b; Nair and Kollanoor-Johny, 2016; Nair 
et al., 2016).  
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 3.2.9. Statistical analysis 
 
 Differences between groups were analyzed using one-way ANOVA, and P < 0.05 
was considered statistically significant. 
 
3.3. Results 
 
3.3.1 Resistance to low pH 
 
 Both Lactobacillus salivarius and Lactobacillus ingluviei showed resistance to pH 
= 2.5 for 3.5h. For Lactobacillus salivarius, the survival rate obtained after 3.5h of 
exposure was 54.96% (Figure 1), whereas for Lactobacillus ingluviei, the survival rate 
obtained was 75.62% (Figure 2), compared to their respective growth at pH = 7.2 which 
were 86.26%, and 96.56%, respectively.  
 
 3.3.2. Resistance to bile salt 
 
 An ideal probiotic must pass through the small intestine with an alkaline pH and the 
secreted bile before reaching the cecum. The detergent properties of bile salt can damage 
the bacterial cell membrane. Therefore, resistance to bile salt is considered as a probiotic 
quality. In our study, the resistance against a bile salt concentration of 0.3% in MRS at 
pH of 8 was determined for the 3.5 h duration. Lactobacillus salivarius showed a survival 
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rate of 86.79% (Figure 3), and Lactobacillus ingluviei showed 88.20% survival rate 
(Figure 4), compared to their respective survival rates of 105.90% and 106.06%, 
respectively (Figures 3 & 4).  
  
 3.3.3. Bile salt hydrolase activity  
 
 Both isolates did not show the zone of white precipitation indicative of the absence 
of bile salt hydrolase activity. In the positive control plates, Listeria monocytogenes 
showed white opaque colonies indicative of bile salt hydrolase activity (Figure 12). 
  
 3.3.4. Hemolytic activity  
 
 The isolates did not show β-hemolytic activity.  
 
 3.3.5. Antibiotic susceptibility  
 
 Minimum inhibitory concentration (MIC) of Lactobacillus salivarius and 
Lactobacillus ingluviei against common antibiotics was determined using Sensititre 
plates (Thermo Scientific) as per CLSI guidelines, and the results are shown in Table 1. 
Lactobacillus salivarius was found to be susceptible to common antibiotics used in 
poultry such as enrofloxacin, erythromycin, florfenicol, gentamicin, neomycin, 
novobiocin, and Trimethoprim / Sulphamethoxazole combination. Similarly, 
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Lactobacillus ingluviei was susceptible to florfenicol, gentamicin, neomycin, and 
Trimethoprim / Sulphamethoxazole combination (Table 1).  
 
3.3.6. Antimicrobial property 
 
The CFCS of Lactobacillus salivarius and Lactobacillus ingluviei were tested 
against Salmonella enterica serovar Heidelberg, Salmonella enterica serovar 
Typhimurium and Salmonella enterica serovar Enteritidis at different concentrations such 
as 5%, 10%, 15% and 20%. The CFCS of Lactobacillus salivarius inhibited Salmonella 
enterica serovar Enteritidis and Salmonella enterica serovar Heidelberg starting at 5% 
(Figures 5 & 6) whereas, 10% CFCS inhibited Salmonella enterica serovar Typhimurium 
(Figure 7). Similar results were obtained with Lactobacillus ingluviei CFCS against the 
tested pathogens (Figures 8, 9 & 10).  
 
3.3.7. Epithelial association  
 
The results indicated that both Lactobacillus isolates adhered to the BATCs. 
Lactobacillus salivarius attached to the epithelium at 52.3% (initial inoculum at 8.69 
log10 CFU/ml and recovery at 4.55 log10 CFU/ml), whereas, Lactobacillus ingluviei 
adhered at 69.9% (initial inoculum at 8.69 log10 CFU/ml and recovery at 6.07 log10 
CFU/ml) (Figure 11).  
 
55 
 
 
3.4. Discussion 
 
In the previous chapter, we discussed that the combination of Lactobacillus ingluviei and 
Lactobacillus salivarius reduced MDR Salmonella enterica serovar Heidelberg 
colonization in the turkey poult cecum in two of the three experiments conducted. This 
reduction indicated that the isolates have excellent potential to colonize the cecum 
resulting in the competitive exclusion of the incoming pathogen. Although turkey gut-
derived, determination of the probiotic potential of the two Lactobacillus isolates in 
simulated gut environments in vitro would support the hypothesis that these isolates 
could be developed as probiotics in turkeys. However, any potential probiotic strain will 
face a series of physiological challenges until efficient colonization in the cecum occurs, 
once administered orally. These obstacles include the low acid environment in the 
gizzard, and the detergent action of bile and bile salts (Ehrmann et al., 2002), before its 
colonization in the lower part of the intestine. The pH of turkey gastrointestinal tract 
ranges from 6.07 in the crop to 5.86 in the ceca with the highest pH of 6.39 reported in 
the ileum (Farner 1942). The lowest pH of 2.19 had been reported in the gizzard (Farner 
1942). The average passage rate of ingesta in poultry digestive tract is 3 to 3.5h (Mateos 
et al., 1982). In this study, we found that Lactobacillus salivarius and Lactobacillus 
ingluviei, when exposed to a low pH of 2.5 for 3.5h, could retain the survivability of 
54.96% and 75.62%, respectively (Figures 1 & 2).  
 
The bile acids synthesized in the liver are released into the small intestine (Myant and 
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Mitropoulos 1977) and possess detergent properties detrimental to the survival of 
microorganisms as their membrane is made up of lipids and fatty acids (Erkkila and 
Petaja 2000). Resistance towards a concentration of 0.3% bile salt is critical to identify 
the tolerant and potential probiotic Lactobacilli (Erkkila and Petaja 2000). Both isolates 
used in the current study showed survival rates of 86.79% and 88.20% (Figures 3 & 4), 
respectively, at pH=8, indicating their potential to resist the detergent action of bile. 
However, the isolates did not show bile salt hydrolase activity, a desirable quality of a 
potential probiotic isolate (Figure 12). Bile salt hydrolase activity of the isolates on the 
nutrient (MRS) agar is dependent mainly on two factors such as possession of enzymes 
responsible for bile salt hydrolysis and the capability of acidifying the medium to add 
hydrogen ion to the liberated bile acids (Dashkevicz and Scott 1989). It has been 
previously described that some strains of the same Lactobacillus may not show bile salt 
hydrolase activity (Dashkevicz and Scott 1989) and does not rule out the isolates under 
the current study to select for other probiotic qualities.   
 
Once these proximal gut obstacles are successfully encountered, the strain should have 
the ability to colonize strongly to the intestinal epithelium for performing colonization 
resistance against invading pathogens. In this process, potential probiotic strains will 
induce strong antimicrobial property. Our cell culture studies indicated that the tested 
Lactobacillus isolates had high adhesion to model avian intestinal epithelial cells (Figure 
11), validating the in vivo studies. Moreover, the CFCSs of Lactobacillus salivarius and 
Lactobacillus ingluviei showed high antimicrobial activity separately against three major 
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serotypes of Salmonella, namely, Salmonella enterica serovar Enteritidis, Salmonella 
enterica serovar Typhimurium and Salmonella enterica serovar Heidelberg. A similar 
observation was made by Stern et al. (2006) that a bacteriocin isolated from the cell-free 
extract of Lactobacillus salivarius strain NRRL B-30514 inhibited the growth of 
Campylobacter jejuni in the chicken GIT. One of the characteristics of Lactobacillus is 
the reduction of colonization of pathogenic bacteria in the gut. The reduction is achieved 
by immune stimulation, an alteration in the cecal microbial environment, and production 
of inhibitory metabolites (Neal-McKinney et al., 2012). The great diversity of metabolites 
secreted by the probiotic Lactobacillus such as peroxides, lactic acid, diacetyl, carbon 
dioxide, biogenic amines, slime, and bacteriocins can act as preservatives, sensory 
enhancers, and inhibit the growth of pathogenic bacteria (Harimurti and Widodo 2015, 
Jin et al., 1997, Holzapfel et al., 1995). The Lactobacillus has the capability of producing 
significant amounts of lactic acid that can reduce pH and are therefore detrimental to 
other bacteria (Jernigan et al., 1985). Also, macrophage augmentation activity was also 
detected by CFCS’s of Lactobacillus (Hatcher and Randall 1993), indicating potential 
recruitment of the body’s immune system in pathogen inhibition.  
 
We also tested the antibiotic susceptibility of the potential Lactobacillus isolates (Table 
1). Lactobacillus salivarius was sensitive to a variety of antibiotics. Primarily, 
susceptibility to antibiotics depends upon the Lactobacillus spp. (Danielsen and Wind, 
2003). Also, several studies (William et al., 2001; Katla et al., 2001) suggest natural 
intrinsic resistance present in Lactobacillus.  Since the resistance genes are 
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chromosomally integrated, they cannot be horizontally transferred to other organisms. 
For example, some Lactobacilli were found to possess high intrinsic resistance against 
bacitracin, cefoxitin, ciprofloxacin, fusidic acid, gentamicin kanamycin, metronidazole, 
norfloxacin, nitrofurantoin, streptomycin, teicoplanin, sulphadiazine, vancomycin and 
trimethoprim/sulphamethoxazole (Danielsen and Wind 2003; Mathur and Rameshwar 
2005). This property of Lactobacillus strains could be beneficial that their population 
won’t be affected even when antibiotics are used to treat pathogens in the gut during 
disease situations.  
 
In conclusion, in this study, we observed that the tested turkey gut-derived Lactobacillus 
isolates have good qualities to be developed as probiotics in turkey production. These 
isolates were resistant to low pH, and bile salts, adhered very well to the avian intestinal 
epithelial cells, and exhibited high antimicrobial activity against major Salmonella 
serotypes encountered in turkey production. Moreover, these observations validate our 
finding in the previous study that a combination of Lactobacillus salivarius and 
Lactobacillus ingluviei reduced MDR Salmonella enterica serovar Heidelberg 
colonization and organ invasion in turkey poults.  
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Figure. 1 
Effect of low pH on the survival of Lactobacillus salivarius * 
 
*Different superscripts indicate that the treatments were significantly different from each 
other at P<0.05 (n=6).  
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Figure. 2 
Effect of low pH on the survival of Lactobacillus ingluviei * 
 
 
*Different superscripts indicate that the treatments were significantly different from each 
other at P<0.05 (n=6).  
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Figure. 3 
Effect of 0.3% bile salt on the survival of Lactobacillus salivarius * 
 
 
*Different superscripts indicate that the treatments were significantly different from each 
other at P<0.05 (n=6).  
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Figure. 4 
Effect of 0.3% bile salt on the survival of Lactobacillus ingluviei * 
 
*Different superscripts indicate that the treatments were significantly different from each 
other at P<0.05 (n=6).  
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Figure. 5 
Effect of Lactobacillus salivarius cell-free extracts on Salmonella enterica serovar 
Enteritidis at 41oC  
 
*Treatment significantly different from the respective control neutralized for pH at 
P<0.05 (n=6) 
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Figure. 6 
Effect of Lactobacillus salivarius cell-free extracts on Salmonella enterica serovar 
Heidelberg at 41oC  
 
*Treatment significantly different from the respective control neutralized for pH at 
P<0.05 (n=6) 
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Figure. 7 
Effect of Lactobacillus salivarius cell-free extracts on Salmonella enterica serovar 
Typhimurium at 41oC  
 
  
*Treatment significantly different from the respective control neutralized for pH at 
P<0.05 (n=6) 
 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
24h
Incubation Time
5 5% Ctrl 10 10% Ctrl
15 15% Ctrl 20 20% Ctrl
B
ac
te
ri
al
d
e
n
si
ty
 (
O
D
6
0
0
)
*
* *
66 
 
 
Figure. 8 
Effect of Lactobacillus ingluviei cell-free extracts on Salmonella enterica serovar 
Enteritidis at 41oC 
 
*Treatment significantly different from the respective control neutralized for pH at 
P<0.05 (n=6) 
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Figure. 9 
Effect of Lactobacillus ingluviei cell-free extracts on Salmonella enterica serovar 
Heidelberg at 41oC  
 
 
*Treatment significantly different from the respective control neutralized for pH at 
P<0.05 (n=6) 
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Figure. 10 
Effect of Lactobacillus ingluviei cell-free extracts on Salmonella enterica serovar 
Typhimurium at 41oC  
 
*Treatment significantly different from the respective control neutralized for pH at 
P<0.05 (n=6) 
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Figure. 11 
Relative association of Lactobacillus salivarius and Lactobacillus ingluviei on BATCs 
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Figure. 12 
Demonstration of bile salt hydrolase activity of the Lactobacillus isolates 
 
A. Lactobacillus ingluviei on MRS agar showing normal growth with opaque colonies  
B. Lactobacillus ingluviei on MRS + 0.3% taurodeoxycholic acid agar with no bile salt 
hydrolysis 
C. Lactobacillus salivarius on MRS agar showing normal growth with opaque colonies 
D. Lactobacillus salivarius on MRS + 0.3% taurodeoxycholic acid agar with no bile salt 
hydrolysis 
E. Listeria monocytogenes on MRS + 0.3% taurodeoxycholic acid agar with bile salt 
hydrolysis  
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Figure. 13 
Demonstration of absence of β- hemolytic activity of the Lactobacillus isolates in Turkey 
blood agar 
 
A. Lactobacillus ingluviei on Turkey blood agar not showing β- hemolysis 
B. Lactobacillus salivarius on Turkey blood agar not showing β- hemolysis 
C. Normal Turkey blood agar 
D. Streptococcus pyogenes on turkey blood agar showing β- hemolysis 
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Table. 1.  
Minimum inhibitory concentration of 18 antibiotics against Lactobacillus ingluviei and 
Lactobacillus salivarius (The Clinical and Laboratory Standards Institute) 
 
 
  
 
Antibiotic 
Lactobacillus salivarius Lactobacillus ingluviei 
(MIC- µg/ml) (MIC- µg/ml) 
   
Amoxicillin 4.00  2.00  
Clindamycin 2.00  4.00  
Enrofloxacin 0.50  1.00 
Erythromycin 0.12  1.00  
Florfenicol 1.00  1.00  
Gentamicin 0.50  0.50  
Neomycin 2.00  2.00  
Novobiocin 0.50  0.50  
Oxytetracycline 8.00  8.00  
Penicillin 8.00  8.00  
Streptomycin 32.00  32.00  
Sulphadimethoxine 256.00  256.00  
Sulphathiazole 256.00  256.00  
Tetracycline 8.00  8.00  
Trimethoprim/Sulphamethoxazole 1.00  1.00  
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Appendix A 
Table. 2. Famo feeds game bird starter guaranteed analysis 
CONTENT PERCENTAGE 
Crude Protein (Min) 30.0% 
Lysine (Min) 1.7% 
Methionine (Min) 0.7% 
Crude Fat (Min) 3.5% 
Crude Fiber (Max) 5.0% 
Calcium (Ca) (Min) 1.3% 
Calcium (Ca) (Max) 1.8% 
Phosphorus (P) (Min) 0.9% 
Salt (NaCl) (Max) 0.1% 
Salt (NaCl) (Max) 0.6% 
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Appendix B 
Table. 3. Famo feeds game bird starter ingredient statement 
INGREDIENTS 
Dehulled Soybean Meal 
Ground Corn 
Animal Protein Products 
Wheat Middlings 
Corn Distillers Dried Grains with Solubles 
Dehydrated Alfalfa Meal 
Fish Meal 
Animal Fat 
Choline Chloride 
Calcium Carbonate 
Manganese sulfate 
Magnesium oxide 
Zinc sulfate 
Niacin Supplement 
Vitamin E supplement 
Ferrous sulfate 
Biotin 
Vitamin A supplement 
Calcium Pantothenate 
Copper sulfate 
Riboflavin Supplement 
Folic Acid 
Vitamin D3 Supplement 
Menadione Sodium Bisulfite Complex 
Pyridoxine Hydrochloride 
Thiamine Mononitrate 
Vitamin B12 Supplement 
Ethylene diamine Dihydroiodide 
Cobalt Carbonate 
Salt 
DL-Methionine Propionic Acid 
Ammonium Hydroxide 
Zinc Oxide 
Sodium Selenite 
Ferrous Carbonate 
Cobalt Sulfate 
Calcium Iodate 
 
